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ABSTRACT

The Mars Envi ronmental Survey
M ssion (MESUR) is a 1 ow cost,
near termmi ssi on to study:
chemi cal composi ti on of the
marti an surface; structure and
ci rcula ti on of the martian
at nosphere; and structure and
dynami ¢S of the martian i nteri or.
To meet the SCI ence objectives of
the mi ssi on, a network of 16
1 anders wi 11 be placed at vari ous
1 ati tudes and 1 ongi tudes on Mars.
These 16 Net-work 1 anders wi 11 be
preceded by an engineeri ng
Pat hfi nder mi ssion whi ch wi 1l
denonstrate entry, descent and
1 andi ng as wej]. as some of the
engineeri ng Ssubsystens . This
paper discusses missi On concept,
spacecraft- syst emdesi gn, power
system reqgui rements, and the
sol ar array power system for
Pat hf i nder.

THE MESUR MI SSIONS

The study of the surface of
Mars in 1977-1979 by the two
viki ng 1 anders provided a 1 ot of
in format i on about Mars but al soO
rai sed many questi ons.  To start
answeri Ng these questi 0NS,
scientd f i Cc measurement-s that can
be achieved fromorbi t wil 1 be
made by the Mars Qbserver mi ssi on
whi c¢h 1 aunched in Septenber 1992.
The next step requi res returning
to the surface to acqui re data

frommany di {ferent si tes
simul taneousl y.  MESUR Net worK
wi 11 place up to 16 |anders at
vari OUS si tes whi ch all ows

gci ence investigations of

gl obal 1 y di stri buted phenonena
such as sei smi C activi ty and
weat her.  MESUR Network data and
communi cati on needs wi 11 be
enhanced by use of a Mars

orbi ter.

Sone of the Network 1 anders may
carry and rel ease a Mi crorover.
‘I’ hée Mi crorover woul d enabl € hi gh
resolution scientific studies
such as imagi ng and spectroscopy
at geol ogically interesting si tes
out-side of the |ander’s reach or
‘cent-am nati on zone.

The other signi f 1 cant. attribute
of t-he MESUR mi ssi ONS is the
1imit that has been p] aced on the
overal 1 and annual costs. MESUR
Pathfinder must be desi gned and
bui 1t for no nore than 150
mi 113 on do; Jars . '|'he entire
network of 1 anders has to be
devel oped and buil t for one
bi 11 i on do] 1 ars at no nore than
150 mi 11 i on dol lars per year.

This is in contrast- to the Viking
program that cost 3.5 bi 11 i o0n in
today’ s do] lars. Thelimitin
cost has consequences for al 1 of
the subsystems and may determ ne
t he technol ogy opt i ons.




The Pat hfinder mssion that
precedes the Network mission is
designed to demonstrate the
entry, descent, landing, and sone
of the engineering subsystens.

In the case of the power system,
the Pathfinder will demonstrate
the performance of solar arrays
in the martian thermal and
atmospheric environment. as well
as operation of the various power
el ect-ronjcs conponents.

M SSI ON OVERVI EW AND SPACECRAFT
DESIGN

MESUR Pat hfinder must be
| aunched in 1996 in order to
provide engineering data for the
16 Network |anders. Pathfinder
will use a new | andi ng method
instead of a fully controlled
| andi ng to reduce cost and
conpl exity.  Other new, |ow cost.
systems will be used in the power
system and in thermal control .
Successful denmonstration of these
new systems is the npbst important
oal of the Pathfinder |ander.

he pathf inder | ander wi 11 al so
carry the f irst Mi crorover. The
Mi crorover wi 11 carry at 1 east
one sci ence experiment, which will
be used duri ng the one week to
thirty day Pathf i rider mi ssi on.

The MeSUR Network mi ssi on wi 1l
global. 1y distribute its set of
1 anders over a peri od of years
through a series of 1 aunch
opportuni ti es thereby mi ni mi zi ng
t-he annual resource requi rements.
The 1 anderswill be nmadé as
simi 1 ar as possibl e to reduce
cost . The mi ssi On scenari 0 is toO
bui 1 d up the global network over
three 1 aunch opportuni ti €S usi ng
f ive Del ta cl ass expendabl e
1 aunch vehi ¢l es (ELvs) . Four of
the ELVs wi 111 aunch 16 probes
while the remaining Kl W wil 1
1 aunch a communi cati On orbi ter.
The f i rst 1 aunch wi 11 occur in
1999 and wi 11 send four 1 anders.

Af ter a 12 month journey these

]l anders wil 1 have to maintain a
di rect communi cati on 1 ink to the
Earth unti | 2002 when two

| aunches wi 11 have del ivered
another four 1 anders and the
communi cati on orbi ter. The
reason for delaying the

communi cat-i on orbi ter is to keep
the spending profile flat. 7The
f i nal eight 1 anders wi 11 arrive
two years later. 7The network

wi 11 be designed to operate for
one marti an year after the last
1 anders arrive or unti 1 2006.

The 1 anders are part of a probe
whi ch consi sts of a bioshield,
Crui se stage, aeroshel 1,
parachute, and 1 ander. Short] vy
after | aunch, t-he bi oshields are
opened and the Crui se stages are
released. Fi gure 1 shows the
crui se conf igurat i on of
Pathf inder. The space craft are
spin stabi 1 i zed during crui se and
ini tial entry and are three axis
stabi 11 zed during the f inal
descent The 1 anders_are
separat ed fromthe crui se stage
just prior to Mars atnosphere. ¢
ent ry. The 1 ander and aeroshel 1
enter the atnosphere rotat i n%.

The aeroshel 1 heat, shield wi 11
then be jetti soned and thrusters
f I red to despin the 1 ander.

As nmerit. | oned earl i er, the
engi neering objective of the
pathf i rider is to denonstrate t-he
cruise, entry, descent-, and
1 andi ngsystems that wi 11 be used
by Network. Pathf inder wi 11 al so
provi de i nherit.ante for f) ight,
missi on, and operati onal Systemns.
The Pathf i rider spacecraf t
aeroshel 1 W 11 be ori ented for a
20 degree ent ry ang] e and an
abl ative heat ghi e% d protects the
1 ander from the aerodynami C
heat ing. A parachute is depl eyed
at about 11 kmal ti tude to reduce
descent vel oci ty. At about- 8 km
al titude t-he heat shield is



rel eased and at about 3 km the

1 ander is released on a 100 m
tether to reduce the possibility
of the parachute covering t-he

| ander after |anding. At about 2
km above t-he ground the air bags
are depl oyed around the | ander.
The air bags are on all four
faces of the tetrahedral shaped
lander and will absorb the
landing | oads in all directions
and attitudes. The parachute is
rel eased right after | ander
touchdown and the |ander is

al lowed to come to rest. At this
time the ai r bags are de fla Led
and t-he petals of the 1 ander are
depl eyed - ri ghti ng the 1 ander.
The pathfinder wi 11 co] 1 ect data
on system performance duri Ng

crui se, entry and descent, . Data
on t-he atmosphere wi 11 al so be
col 1 ected and sone wi 11 be
returned prior to inpact. .  The
rest of the atnosphere c data wi 1.1
be returned after petal

depl oynent . Figure 2 shows the

1 anded conf i gurat i on of

Pat hf i nder.

The trip time to Mars is about
one year and Pathf inder wi 1 1 be
designed for one month of
operati on on the surface. 'l'he
aeroshel 1 diame ter is 1 .65 m and
the height of the crui se stage is
1.5 m Each petal of the 1 ander
is 1.13 m2. The mass of the
spacecraft at cruise is 400 kg
and t-he 1 ande:r mass IS about. 200

kg.

PATHFI NDER PONER sysTeEM OPTI ONS
Prel | m nary power requi rement
estimates are nmade pri or to
detai 1 design and therefore
L%cha]] y have a 1 arge margi n
(30% in this case) pathf inder
and the earl y Network ] anders
must. COMTUNI cate di rectl Yy to
Earth since there wi 11 be no
orbi ter in place. This
communi cati ON requi rement al ong

wi th other 1 ander needs such as
inst rumentati on, computation, and
heating resul t-s in an es timat e of
1464 watt-hours of energy. The
exact pOWer requi rements for many
syst. em conponents are still bei ng
def i ned.

The power source opti ons for
MESUR i ncl uded a radi oi sotope
thermoel ectri C generator (RTG) , a
solar array, and primry
bat teri es for very short. mi ssi on
1ifeor m crorovers. There are
several factors tha L must be
consi dered in deciding the final
power system for each part of the
MESUR mi ssi on.  An RTG IS very
expensive and has a 1 ong del ay
period due to mu] tipl e approval
requi rements. These fact, ors rul e
out. an rrc for Pathfinder.

Batteri es are heavy and do not.

8Ee(ate we] 1 when they are co] d.
oice of a primary battery

pathf i rider power supply WOU d

restrict the mi ssi onlife toon] vy

a few days whi ch is too short a

time. Thus Pathfinder has solar

arrays and high energy densi ty

secondary balt.cries for i ts

base] ine power system.

“I"he Network 1 anders may be
| ocated at, extrene lati tudes Or
the pol es. The m ssi on scenari o
cal 1 s for the f i rst Network
1 anders to operate for seven
years to conplete the nom na
mi SSion objectives. During the
seven years, the power system
W 11 go through day/ni ght 11 ght
and tenperature cycl es, as wel ]
as the seasonal vari at-i ons in
1i ght and tenperature. Seasona
dust storns of varying intensity
and duration can be expected and
the power system mus t be abl e to
curvive and operate duri ng these
g ltorms . These consi derat ions may
mean the earl y Network power
system woul d be rRTGs .

The Pathf i rider base] i ne power




gystem CONSist, s of a cruise sol ar
array, a | ander solar array, and
a shared peak power tracker
(pPP71), secondary battery, power
di stribution unit (PDU), and pyro
switching assenbly (rsha) . Fi gure
3 is a bl ock diagram of the power
system. The solar array output
ig connected t-o the PPI' which is
a buck swtching type regulator.
The prPT sets the solar array
operating vol tage at the maxi mum
power point during peak | oads and
varies the current based on the
battery's state of charge. 1he
PPT output IS tied directly to
t-he bhattery.

TWO AgZn batteries are planned
ant] will each have 18 fifty
anpere-hour cells. The pPDU
consists of Jat.thing relays and
di stributes the power to various
| oads on the spacecraft.. |"he PSA
provi des the energy storage,
switches, and firing circui ts for
all of the pyro eventsg during the
mi gsi on.

The base] ine Pathfinder” mi ssion
i s toland in the mid- lati tudes
at an areocentri C 1 ongi tude of
212 degrees. Since the
convent i ON pl aces the areocen tri c
1 ongi tude O at northern 1 at i tude
vernal equi nox, the |landing time
i s ha] fway through t-he southern
spring. As will be discussed
later t-his 1 anding time presen ts
sonme des i gn ri sk however i s al so
present the best, compromi se of
cost, and Rarth communi cat i on.
Because of greater design
uncertainty, the most studi ed
part of the Pathf i ndcr power
syst emto date i S the 1 ander
sol ar array.

LANDER SOLAR ARRAY

Mars atmospheri ¢ nodel s have
recent] y been publ i shed by landis
and Appl ebaum [ 1] , and Haberl e,
et.al. [3] and earl 3ier by kaplin

[4]. 7These model s, especial 1y
the 1 ater ones, are based upon
anal yses by Pol lock [2] of Viking
1 antler data.” The nodel s show
that, even duri ng severe dust
storms wi th hi gh opt, | cal depth,
there is qui te a bit of di f fuse
11 ght present at the p] anetar
surface. This avail ability o
sol ar energy on the surface
throws a new 1 i ght upon the
possibl e use of solar arrays for
powering Mars survey 1 anders and
rovers.

The anmount, of 11 ght aval 1 abl e
at any one pl ace on the Mars
surface varies from the f 0) 1 owing
causes: changes i n the Mars-Sun
di stance fromorbi tal
eccentri ci ty, obl igui ty (axial
tilt) of Mars to the orbi tal
pl ane, sol ar zenith angl e, and
opt-i cal depth. The changes i n
avai lab] e 1 ight fromorbi tal
eccent ricity, obl i qui ty, and
zenith angle are easily
cal culated [1,3]. However, t-he
optl cal depth I'S not so easi ly
model ed due to vari abl e amounts
of atnosphere ¢ water and dust.
Mars has 1 ight ¢l ouds and, near
the north pol ar regsi_ on, _
occasi onal fog. ince there is
little water, the opti cal depth
for fog and cl ouds on] y ranges
fromO0.01 to 0.2 and thus is not
a seri ous problem  Dust,
however, 1S a major concern.

*J'here are 1 ong peri ods when the
atmosphere is relativel y cl ear of
dust- - an optical depth of O .5 or

less. Wien there IS dust in the
at mosphere, i t changes w th
1 oca), regi onal (1 ong axi s of

af fected area »2000 kn) , and
occasi onal planet- enci rcl i ng (one
hemi spheres) or gl obal dust storms
(3. local dust storns, whi ch
last on] y a few days and have an
opt. i cal depth ranging from thin
haze (7<1) through thi cK haze
(1>1) , occur each year. 1 .ocal




st orms occur al 1 over the p]. anet
but wi th higher probabi 11 Ly near
polar caps when the caps are
evaporal i ng. Gl obal dust- s terns
(estimated to reach an optical
depth of 4 or more i n southern

1 ati tudes wi th 1 ower opti cal
depths el sewhere) genera]l 1 y start
I n the southern tropi cal

| atitudes (O to -30) during
southern sunmer whi ch occurs near
perihel 1o0N.

$i nce the occurrence of dust
storns at. any one locat | onis
based upon probabi 1i ties, I t was
deci ded to fully nodel the
effects of opti cal depth on sol ar
array operat ion. This nodel had
to include the effects discussed
above as we] 1 as intensity,
temperature and spectral changes
due to atnospheric dust.

COWUTER MODEL

The conputer nodel for
avai | ab] e Mars surface sol ar
| rradiance W 11 be presented in
nore detai 1 I N another paper
[16) . The nodel has primari 1y
been taken f rom equati ons
presented by Appl ebaum and landi S
[1) and Haberle, et-. al [31.1n
part. i cular, there are two opti cal
depth nodel s presented in Ref . 1
whi ch use di f ferent assuned
starti ng points f or the two 1977
g] obal dust. storns. The fi rst
opt i cal depth nodel assunes tha t
the two dust storms seen by the
Viking | anders start-cd at
] ati tude -30 degrees and
arcocentri ¢ 1 ongi tudes 215 and
295 degrees respectively. The
second opti cal depth nodel
assumes that the f | rst dust, storm
started at latit ude - 30,
1 ongi tude 215 and the second
started at latitude -1 0,

1 ongi tude 295.

ki ther of t-he above model s can
be se] ected in the program al ong

W th the capabi 13ty to manual 3y
enter val ues for opti cal depth
and surface al bedo. \WWen the
opt. i cal depth is manual 1y en tered
the value for al bedo is usual 1y
determned froma relati onship

[1]:

al=maxlal,, min (O, 181, 0. 4))

where al is al bedo, 7 is opti cal

depth, and al, is mninmmal bedo
of 0.1.

Using input val ues for
areocentri ¢ 1 ongi tude and 1 ander
latitude, the programf i rst
cal cul ates or uses given opti cal
depth and al bedo val ues.  Next,
the program cal cul ates the hour] y
zeni th angl e of the sun using 24
mart, i an hours (a mart i an day, or
0], is 24 .65 earth hours) . ~nilt
and ori enta tji on of the array or
angl € and atti tude of a facet of
an array are then taken i nto
account- during t-he cal cul ati on of
the angle of the sun to the array

normal . | " he areocentri ¢
1 ongi tude i S used to cal culate
the amount of 11 ght avai 1 abl e

above the atnosphere and Beer’ s
Jaw [1] is used to determ ne the

di rect beam 1 ight reaching the
surface .

Gy Guexp [- wn(2)1

where G, 1s di rect beam

I rradiance on the surface of

Mars, G, IS the i rradiance at the
top of the Mars atnosphere, and 7
| S optical depth. The air NMaSS
function, n(\ﬁ‘l , 1S approxi mated
by 1/cos = where z is t-he zeni th
angl e.

The total gl obal -insolati on
reachi n([; the surf ace i s taken
fromanal yses by Poll ock, et. . al
[2] and is cal culated froma




po] ynomi al functi on of the
opt. i cal depth, al bedo and zeni th
angl e

(1.

The di f fuse 1 ight i S taken as
the di f ference between the global
and the di rect beam values>.  1In
cases of high opti cal depth, the
di rect beamvalue may be on] y a
f ew percent of the total g] obal
val ue.

ARRAY CONSI DERATE oNSs

Cal culati on of availab] e solar
array power starts with the
desi gner se] ecting the lati tude
anti areocentric 1 ongl tude, then
arra% type, flat or faceted, then
whet her or not, there is shadowi ng
and final | y the type of cell,
silicon or gall ium arsenide. To
cal cul ate the array power output.,
a temperature cal cul at-i on is nade
using the total g] obal insolat jon
val ue for heat i nput and an
estima ted value for convect-ion
cool ing. The actual cal cul ated
temperatures f al. ] within a range
of a few degrees above zero to as
1 owas -113 deg C.  These val ues
are comparabl e to marti an surface
temperature va.1l ues since the
marti an surface absorptance and
emissivi ty rat i 0 is about- 1 - the
sane rati 0 as a sil i con solar
array. Cal culation of array
power uses separate al gori thms
f or the direct beam dif fuse and
al bedo power cont ributi ons.

Corrections are made to the
cal culated power value to al 1 ow
for the non -1 ineari ty of Voc and
1 sc due to 1 ow temperatures and
int ensiti es. A fi fth order
pol ynomi al  functi on [9] i s used
to make t-he temperature
correct i ong.

A correcti on i s al so made whi ch
accounts for the spectral shi f t
due to di fferent 1 eve] s of

atmospheri ¢ dust. This

correcti on uses t-he

del ta- Eddi ngton approxi mati on
[]14, 15] and makes use of 1 ight
transmi ttance VErsus wave 1 ength
equati ons and data from Ref. 3
and sol ar AMO gpectrum val Ues
fromRef. 8.

The product of the 11 ght
tranemi tt.ante funct i on and the
AMD spectrum gives a spectrum
whi ch is increasingly red-shi fted
wi th increasing atnosphere ¢ dust
and zeni th angl e. ve 1 engths
around 800 nm are favored i n the
transmi t-t.ante function. ‘I'he
red- shi f ted spectrumis then
mJItiPIied by the rat io of the
total f 1 ux in the unmodi f i ed
spec trum divided by the t otal
flux in the nodi fied spectrum
This reseal ing cancels out any
probl ems wi th i ntensi ty changes.

The reseal ed, red-shi fted AMO
spectrum is then mu] tipli ed by
the spectral response curve of
the se] ected sol ar cel 1 material
to obtai n t-he expected current
output . A correction factor can
then be obtai ned by compari ng the
i ntegrated total current from the
reseal ed, red- shif ted spectrum
wi th the current. fromthe
standard spectrum

Resul ts fromthe above conputer
model are presented i n ¥i gure 4
using as | nput-s the spacecraft
basel ine landing Sit-e at -15
lati tude and 1 anding time of 195
arecocentri ¢ 1 ongi tude. Data is
presented for opti cal depths of
0.5 and 4.0 with al bedos of 0.1
and O 4 respectively. The cell
type was 10 @- cmsil i con back
surface field/reflec tor. Note
the i ncrease i N correcti on due to
di ffuse 1 ighting and consequent
red-shi L ing of the spectrum

DETAILED ARRAY DESI GN



The Voc and 1 sc tenperature and
int ensity correct, ionsal 1 owa
cal cul ation of array seri es
st ri ng operat i Ng condi ti ons
duri Ng a typi cal mart i an day. 1 n
general , the string voltage can
be expected to rise to about 25%
above the val ue at standard
condi ti ons (AMO at 1 AU and 28
degC) i n the early norning and
| ate afternoon. The stri ng
VA tage woul d be about, 4 % above
the standard condi ti on val ue at
noon. lLower temperatures change
resistances and fi 1.1 factor of
the 'V curve resul ting in
s] ightl y revised efficiencies.
Thus the array will produce |ess
current at. higher voltages in the
morni ng and af ternoon and nore
current at |lower voltages in the
mi ¢d1 e of the day. On days when
there is a 1 ot of dust the anmount
of power produced will be nore
than originally expected due to a
consi der abl e amount of air fuse
light which has a red-shifted
spectrum

“l"he foldout array for a |ander
with a nom nal 28 V bus shoul d
have series strings with about 60
cells to give an operating peak
power point of 30 V for standarad
condi ti ons. This will resul t in
a 31.8 V array in the middle of
the martian da:y (near the
equator) and a 37.5 V array in
early morning and | ate afternoon.
“I"hi's large change in array
operating conditions originally
argued for a peak power tracker
inst ead of a shunt regul ator.
Peak power trackers also can
extract the maximum anount, of
power froman array which iS
partially shadowed as at leas t
one of the |ander solar array

etals will be. Shun L regulators
ave not, been ruled out since
there is little avail able power
at the extreme tenperature and
vol tage conditions. 1t is
possible tha L | ow intensi ty, | ow

temperature (111L7) effects will
be seen on Mars however there is
little power |o0ss expected since
there is 1it tle power to be lost
at these conditions.

CONCLUSI ONS & FUTURE WORK

prelimi nary anal yses have shown
that a solar array power system
on the MESUR Pat hfinder | ander is
f easi bl e.

Use of high energy density, |ow
cycle 1ife (1004 cycl es)
secondary batteries is cost
effective and provides insurance
agai nst uncertaint ies such as
large dust storns.

No final deci si ons have been
made at present on the effect- of
dust deposition or erosion upon
the array surface. ‘There are
indi cations in Refs. 3 and 10
that dus L IS not, easily renoved
by wind once it has been
deposited and Ref . 7 shows
performance degradation. Erosi ON
effects shoul d be small since the
| ander arrays are horizontal [6]

Chem cal effects should al so be
smal | since nornmal array
materials are resistant, [5]
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EFFECT OF RED SHIFT ON MARS SOLAR ARRAY

LON 195, LAT -15, 0 Til1
100

90 )
80
70

co

WATTS

40

POWER

30

2?0

10

0 S { 1 | |
6 8 10 1? 14 16 18

- MARVIAN HOURS
COR, 1= .5 A

1IME OF DAY

UNC, 124 o COR, 1:4

Figure 4




